ABSTRACT In this paper, we investigate the outage probability (OP) performance of amplify-and-forward (AF) cognitive hybrid satellite-terrestrial overlay networks (CHSTONs) with the non-orthogonal multiple access (NOMA) scheme, in which half-duplexing terrestrial secondary networks cooperate with a primary satellite network for dynamic spectrum access. In order to improve the fairness of overlay paradigm, a NOMA-based power allocation profile is determined by instantaneous channel conditions. Considering the generalized shadowed-Rician fading for satellite links and Nakagami-m fading for terrestrial links, we derive the closed-form OP expressions for both the primary and secondary users. Then, the asymptotic OP expressions at the high signal-to-noise ratio (SNR) regime are also obtained to evaluate the achievable diversity order and coding gain. Finally, the numerical simulations are provided to validate the theoretical results as well as the superiority of the NOMA scheme in CHSTONs and proclaim the effect of key parameters on the performance of the NOMA users, such as fading configurations and the power split factor.
I. INTRODUCTION
THE line-of-sight satellite communication systems are vulnerable to be blocked by heavy shadowing or obstacles [1] . To resolve this problem, a hybrid satellite-terrestrial system has been proposed [2] - [6] , which deploys a terrestrial relay to enhance coverage and high data rate services. Owing to the spectrum scarcity problem, the cognitive radio (CR) of the satellite is proposed to improve the wireless spectrum utilization. Most of researches about cognitive hybrid satellite-terrestrial systems consider the underlay paradigm [7] , [8] , which allows the secondary users' spectrum access opportunities strictly under the tolerable interference level of the primary user. The interference coordination between the primary and secondary network is one of the key problems to guarantee the quality of service (QoS) of the primary network for underlay paradigm. Another
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promising CR spectrum sharing paradigm is known to be overlay [9] , which means that the secondary users assist the primary transmission through cooperative relaying techniques in exchange for spectrum access. So far, there exists limited works studying the performance of overlay paradigm in hybrid satellite-terrestrial networks. In [10] , the authors analyzed the performance of an overlay CR architecture in hybrid satellite-terrestrial networks. One of the assumptions is that the primary co-channel interference can be successfully canceled using its copy received in the first temporal phase, which is arduous in practical scenarios because of the receive capability of the secondary user or dynamic channel conditions. As noted in the paper, the performance of both primary and secondary user would be severely degraded when the decoding of the primary signal is unsuccessful.
Non-orthogonal multiple access (NOMA), utilizing power domain multiplexing, has received increasing research attention by its high spectral efficiency [11] - [16] . Each user transmits signals simultaneously in the same resource block (i.e., time/frequency) with successive interference cancellation (SIC) employed at receivers to separate the multiplexed signals. Recently, [17] - [23] incorporated the NOMA scheme into satellite networks to improve spectral efficiency. In addition, the NOMA scheme has been introduced into hybrid satellite-terrestrial networks [24] - [26] . The authors in [24] incorporated the beamforming (BF) scheme into satellite-terrestrial integrated networks, where the NOMA was applied among terrestrial users. A cooperative NOMA scheme was proposed [25] , in which a user with better channel condition acted as a relay node and forwarded information to other users. The authors in [26] considered a relay node to retransmit the NOMA signal from the satellite in the downlink scenario, and derived the closed-form outage probability (OP) expressions to validate the effectiveness of proposed system model. In order to further improve the spectral utilization efficiency, CR-inspired NOMA scenarios are mainly investigated in terrestrial networks [27] - [30] . The work in [27] investigated the integration of NOMA with CR into holistic 5G system, which constituted a cognitive NOMA network, for more intelligent spectrum sharing. Three different cognitive NOMA architectures were presented, including underlay NOMA networks, overlay NOMA networks, and CR-inspired NOMA networks. Allowing the secondary users and primary users operating simultaneously in a cognitive relay network, [28] , [29] introduced NOMA in overlay paradigm into terrestrial communications. However, they only considered the priority of primary user without considering the fairness between the primary network and the secondary network. Without considering the fairness in overlay networks, the secondary relay has no willingness to cooperate with the primary networks.
To our best knowledge, no prior work has analyzed the performance of NOMA in cognitive hybrid satellite-terrestrial overlay networks (CHSTONs) for dynamic power allocation by statistical channel conditions. In addition, the combination of NOMA, CR and hybrid satellite-terrestrial networks framework has a promising potential to allow more nodes (i.e., more secondary users and/or more primary users) and bigger coverage area to transmit concurrently, and thus, can meet the requirements of high spectrum efficiency, massive connectivity, low latency and full coverage for future 6G networks [31] .
Inspired by the above observations, a NOMA scheme for CHSTONs is proposed to tackle the fairness issue, cancel the co-channel interference, and improve the spectral efficiency. One of the possible scenarios for the proposed CHSTONs may correspond to DVB-SH service between primary GEO satellite system and secondary TV transmitter-receiver pairs incentivizing through relay cooperation [32] , [33] .
With the aforementioned CHSTONs configuration, we conduct a comprehensive OP performance analysis for both primary and secondary networks by adopting Shadowed-Rician fading for satellite links and Nakagami-m fading for terrestrial links. The main contributions of this paper are summarized as follows:
• In order to solve the terrestrial spectrum scarcity, enhance the satellite communication coverage and stability, and improve the spectral efficiency, we first introduce the NOMA into CHSTONs. The NOMA power allocation profile is determined by instantaneous channel conditions to improve the fairness of overlay paradigm. Furthermore, the secondary cooperative relay adopts amplify-and-forward (AF) protocols, which reduce the implementation complexity and enhance the security of the satellite transmitted information (i.e. the secondary networks do not decode and get the information from the primary network).
• The signal-to-interference-plus-noise ratio (SINR) of the primary user and the secondary user is formulated in proposed system model. Then, we derive closed-form OP expressions for both the primary and secondary users in CHSTONs. In addition, asymptotic OP expressions at the high signal-to-noise ratio SNR) regime are obtained to evaluate the achievable diversity order and the coding gain.
• We introduce the superiority of the NOMA scheme than traditional OMA, i.e., TDMA. Furthermore, we analyze the effect of key parameters on the OP performance of CHSTONs. The rest of this paper is organized as follows. Section II introduces the system model of CHSTONs, reformulates SINR, and gives channels fading model. In Section III, the exact and asymptotic OP expressions are derived. Section IV shows simulation results. Finally, conclusions are drawn in Section V.
II. PROBLEM STATEMENT
A. SYSTEM MODEL An overlay CR diagram of the hybrid satellite-terrestrial network is considered as illustrated in Fig. 1 . This scenario comprises a primary satellite transmitter (S), a primary terrestrial user (D), a CR overlay relay (R) and a cognitive user (C). It is worthy to notice that the cognitive user can be multi-users to improve the spectrum efficiency. But, there are several implementation challenges in the NOMA scheme, like error propagation, channel estimation error. Hence, we choose one primary user and one secondary user to apply in a more practical scenario. Due to the heavy shadowing and obstacles, it is difficult to maintain a reliable direct communication (DC) link between S and D. Therefore, the primary satellite has to recruit a secondary transmitter as a relay. In return, the primary networks authorize secondary transmitter spectrum access opportunities. H XY denotes the channel between X and Y, where X, Y could be S, R, D, and C respectively. If the satellite S chooses R as a relay, it indicates that H SR is always better than H SD . Due to promising the assistance of the primary satellite communication, the relay chooses AF protocols in this paper, which reduce the implementation complexity and enhance the security of the satellite transmitted information. In addition, a NOMA scheme is deployed to handle a dilemma of fairness for the relay to allocate the transmitting power. To improve fairness of NOMA schemes [16] , more power is allocated to the user with worse channel condition, which is called the weak user.
In the considered system, each node has a single antenna, working in a half-duplex mode (which means that the node cannot transmit and receive simultaneously). Therefore, the overall communication divides into two temporal phases. The satellite sends the signal to the cognitive relay in the first temporal phase, which can be expressed as
where P S is the satellite transmitter power, and n 0 is the additive white Gaussian noise (AWGN) with mean zero and variance δ 2 0 , x p denotes the signal for satellite transmitter, where E x p 2 = 1, and E [·] means the expectation operation. The relay transmits mixed superposition signals for both terrestrial user and cognitive receiver. In order to implement NOMA power allocation profile, the channel state information (CSI) parameters should be obtained in overlay relay by a control channel. Much attention has been paid to this kind of channels, some examples are the cognitive pilot channel (CPC) proposed by the E2R2/E3 consortium [34] , or the radio enabler proposed by the P1900.4 Working Group [35] . We assume all channels follow quasi-static fading, i.e. the channel gains remain to be constant within each transmission block but vary independently between different blocks. Without loss of generality, it is assumed that two users' relative value of channel gains in the second temporal phase are uncertain, i.e. two kind of situations. For AF protocols, if the secondary link channel conditions are better than the primary's, we have
where m ∈ {D, C}, P R is the relay transmitter power, n 1,m is the AWGN with mean zero and variance δ 2 1 or δ 2 2 , α ∈ (0.5, 1) is the power allocation factor, which means that the weak user is allocated more power to improve the fairness, x s denotes the secondary signal, where E |x s | 2 = 1. Owing to the serious fading of H SD , we assume that the primary user would not receive the satellite signal to reduce the meaningless energy consumption in the first temporal phase. According to NOMA, the secondary receiver needs to apply SIC to separate the multiplexed signal. If the primary channel condition is better than the secondary's, we have
where n ∈ {D, C}, n 2,n is the AWGN with mean zero and variance δ 2 1 or δ 2 2 , and the SIC would be conducted in the primary receiver.
B. SINR FORMULATION
We consider an independent but non-identically distributed (i.n.i.d.) channel fading in each temporal phase. The average SNR of each channel is denoted asγ
A light shadowing between the satellite and the relay is assumed, which indicates the first temporal phase is relatively reliable. The instantaneous SNR isγ XY ρ XY , where ρ XY denotes |H XY | 2 . For simplicity, ρ SR = ρ 0 , ρ RD = ρ 1 , and ρ RC = ρ 2 . A NOMA assisted overlay spectrum sharing framework is designed in the second temporal phase, where the primary and secondary messages are superimposed by using the NOMA principle for communications. Since block channel gains are block time-varying, signal detection with SIC should follow the order by instantaneous channel gain. Due to apply the statistical channel model in the OP analysis with concerning both large-scale fading and small-scale fading, we must take two kinds of situations into consideration for long term statistical perspective. For AF protocols, if the primary receiver is the weak user, i.e.,γ 1 ρ 1 ≤γ 2 ρ 2 , the SINR of primary user can be given by
Meanwhile, the strong user first decodes the signal of the weak user according to the principle of SIC before detecting its own signal. The decoding SINR is given by
Therefore, γ C→D > γ 1,D , which indicates that a perfect SIC can be conducted. In this regard, the SINR of the strong receiver is
Whenγ 1 ρ 1 >γ 2 ρ 2 , the weak user is the secondary user, the SINR of secondary is given as
The decoding SINR of the weak signal for the strong user is given by
Compared (7) with (8), it has γ D→C > γ 2,C , which indicates a perfect SIC can be conducted. Therefore, the SINR of the primary receiver is
C. CHANNEL FADING MODELS
The hybrid satellite-terrestrial architecture has been incorporated in Digital Video Broadcast-Satellite Handheld (DVB-SH) standard using a geostationary (GEO) satellite at S (2-4 GHz) frequency band [28] . Therefore, the ShadowedRician fading model [6] is used for mobile/fixed receiver operating in various propagation environment for S-band in the paper. The probability density function (PDF) of |H Si | 2 is shown as
where i ∈ {R, D}, 1 F 1 (·, ·, ·) denotes the confluent hypergeometric function and α Si = (2bm) m 2b(2bm + ) m , δ = 2b (2bm + ), and β = 1 2b, with 2b being the average power of the scatter component, the average power of the line-of-sight (LOS) component, m is the Nakagami fading parameter, and (·) k is the Pochhammer symbol. For simplicity, we suppose that m takes integer values, and rewrite Shadowed-Rician fading as
The corresponding cumulative distribution function (CDF) can be obtained with the aid of [36, eq. 9.210.1], as
For terrestrial users, we consider Nakagami-m fading channels. For j ∈ {C, D}, the PDF of H Rj 2 is given as
where m Rj is fading severity, which is assumed as integer values in this paper, Rj is average power, (·) denotes the complete gamma function. The corresponding CDF can be obtained by
where ϒ (·) denotes lower incomplete gamma function.
III. THE OP PERFORMANCE ANALYSIS
In this section, we conduct the performance analysis of CHSTONs in the absence of a direct link between S and D.
A. THE EXACT OP EXPRESSIONS
The OP is defined as the probability that the instantaneous SINR γ k falls below a predefined threshold γ th , i.e.,
where
Due to the property of NOMA, the instantaneous channel condition determines the power allocation and SIC implementation. In order to simplify equations, we adopt m 1 = m RD , m 2 = m RC , 1 = RD , and 2 = RC . Thus, the OP of AF protocols for the primary user can be given as
When the primary user serves as the weak user, the OP can be calculated by (17) , as shown at the bottom of this page, where ϕ 1 = γ th [γ 1 (α + γ th (α − 1))], and γ th < α (1 − α).
Substituting (14) into (17) along with [36, (3. 381.1)], we get
In the derivation of κ 2 , substitute (12) 
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obtain the expression of κ 2 as (19) , as shown at the top of this page, where
and K V (Z ) is the modified Bessel function of second kind. In another case (i.e. the primary is the weak user), the OP can be obtained by (21) , as shown at the top of this page, where ϕ 2 = γ th (γ 1 − αγ 1 ). The κ 3 and κ 4 are obtained in the same way. Therefore,
and κ 4 is formulated as (23) , as shown at the top of this page, where
The OP for secondary user in AF protocols can be given by P out_RC (γ th ) = Pr γ 1 ρ 1 ≤γ 2 ρ 2 , γ 2,C < γ th
In order to get closed-form expression of the OP when the secondary user is the strong user, we assume γ th > (1 − α) α, which is reasonable for demodulation and decoding. Consequently, the OP can be derived as (25) , as shown at the top of the next page, where ϕ 3 = γ th (γ 2 − αγ 2 ). The κ 5 is
formulated as (27) , as shown at the top of the next page, where
When the secondary user is the weak user, the OP can be obtain by (28) , as shown at the top of the next page, where
B. THE ASYMPTOTIC OP EXPRESSIONS
To evaluate the achievable diversity orders and coding gains of each user in the considered CHSTONs, we investigate the asymptotic OP performance at the high SINR in this subsection.
Th approximated CDF of satellite link [23] is denoted as
The approximated PDF of terrestrial links can be given by
Pr γ 1 ρ 1 ≤γ 2 ρ 2 , γ 1,C < γ th
Then, the corresponding CDF can be expressed as
To be noticed, the fading severity m does not require to be an integer in approximated expressions. Based on approximated CDF, the asymptotic OP expressions for each user are obtained as follows.
For the primary user, the SINR can be obtained from (4) and (9) . The SINR tend to infinity means the transmitted power tend to infinity, i.e.,γ 0 → ∞ orγ 1 &γ 2 → ∞. Thus, the approximate of γ D is
Furthermore, the asymptotic OP of the primary user can be obtained by (33) , as shown at the bottom of the next page, whereγ 0 = η 0γ ,γ 1 = η 1γ andγ 2 = η 2γ . It is obvious that the diversity order is G d 1 = min (1, m 1 ) and the code gain is
For secondary user, the SINR can be obtained from (6) and (7) . Therefore, the approximate of γ C is
Further, the asymptotic OP of the secondary user is shown as (36) , as shown at the bottom of the next page. One can straightforwardly find that the diversity order is
(37)
IV. SIMULATION RESULTS
In this section, representative simulation results are presented to validate the theoretical results and quantify the impact of various system parameters on the performance of the considered network. All simulation results are obtained with 10 7 channel realizations. According to the actual measurement, the typical satellite channel parameters of different shadowing are listed in Table 1 [6] . Fig. 2 reveals the OP of the primary user for different γ 0 =γ 1 =γ 2 =γ , i.e., η 0 = η 1 = η 2 , where the first temporal phase link undergoes infrequent light shadowing (ILS) and average shadowing (AS). We assume the DC link undergoes frequent heavy shadowing for the purpose of comparison. The second temporal phase link channel coefficients are m 1 = m 2 = 2, 1 = 2 = 1. The decode threshold is set as γ th = 1dB and the NOMA power split factor α = 0.7. Those Monte Carlo simulation OP curves excellently agree with analytical results across the entire average SNR range, and asymptotic curves agree with analytical and simulation results at the regime of high SNR. Comparing with the scenario of the DC link, the OP of the primary user is significantly reduced by adopting the overlay relay with the NOMA scheme, which means that the overlay relay enhance the reliability of the transmission. The parallel asymptotic OP curves indicate that the same diversity orders and varying code gains. Owing to the slighter shadowing of the first temporal phase, the OP performance of ILS is better than that of AS, which indicates that we could choose the relay with the best channel quality, if there is a multi-relay scenario. In addition, comparing OP performance of NOMA scheme with TDMA, it proclaims that the NOMA scheme achieves higher resource utilization with the same amount of transmitting power. Fig. 3 illustrates the OP of the primary user for different average SNR, where the satellite link undergoes ILS and the second temporal phase link undergoes two kind fading scenarios. The first scenario channel coefficients are m 1 = 0.5, m 2 = 0.5, 1 = 2 = 1. The analytical curve is calculated directly by OP definition in this scenario due to the non-integer value of m 1 and m 2 , which is calculated by the integral calculation in MATLAB software. The second scenario channel coefficients are m 1 = 2, m 2 = 2, 1 = 2 = 1. The analytical curve can be calculated by the close-form expression in this scenario. The decode threshold is set as γ th = 1dB and the NOMA power split factor α = 0.7. It is obvious to find out the NOMA scheme is superior of the OMA scheme. According to the diverse gradient of asymptotic OP curves, the achievable diversity orders are different, which are closely related to the value of second link channel parameter m 1 . When m 1 = 0.5 and m 1 = 2, diversity order is 0.5 and 1 respectively. relay, the amplified noise from the first temporal phase would deteriorate the performance of the secondary user. Since the NOMA power allocation profile is determined by the instantaneous block fading channel, comparing Fig. 2 and Fig. 4 , the OP performance of the primary and secondary user is almost the same (i.e., on the same order of magnitude), which indicates the fairness of NOMA scheme in CHSTONs. Fig.5 is given to express the diversity orders of the secondary user, where the parameter settings are the same as in Fig. 3 . The influence of the power split factor α on the system performance is shown in Fig. 6 , where the first temporal phase is assumed to be ILS for both the primary and the secondary users, and the second temporal phase link channel coefficients are m 1 = m 2 = 2, 1 = 2 = 1. The decode threshold is set as γ th = 1dB. As we see, the optimal NOMA split factor is distinguished for two users. When α = 0.7 as a verification, the performance of secondary is more reliable than the primary user, which can be derived from Fig. 2 versus Fig. 4 and Fig. 3 versus Fig. 5 . In order to improve the performance and fairness for two users, the NOMA split factor α is suggested to set between 0.72 and 0.8 when γ th = 1dB. In addition, the optimal α would be adjusted for the various threshold accordingly.
V. CONCLUSION
In this paper, a NOMA scheme for CHSTONs is proposed to tackle the fairness issue and improve the spectral efficiency. The NOMA power allocation strategy is modified by instantaneous channel conditions to make the weak user obtain more power than the strong user, which resolves the fairness of overlay paradigm. The closed-form and asymptotic OP expressions are derived for the primary user and secondary user, respectively. In addition, we introduce the superiority of the NOMA scheme and the effect of key parameters on the performance of networks. To fully explore the superiority of combination NOMA with CHSTONs, multi-users scheduling and relays selection would be studied for different fading severity in our future work. 
